The present roadmap for ferroelectric random access memory (FeRAM) development 1 calls for fully three-dimensional (3D) devices by 2010 with capacitor real-estate footprints of 0.03 µm 2 . This drive for moving to 3D arises because of a key requirement that FeRAM capacitors must have large enough electrode surfaces to generate sufficient switched charge for the sense amplifiers to reliably discriminate between the "1" and "0" states in the memory; targeted and projected real-estate areas are not sufficient for this to be achieved using conventional 2D parallel plate capacitor arrangements, hence the imperative to move to more complex 3D structures. Schemes for 3D development include harnessing both ultralithography and self-assembly techniques 2, 3 to create, for example, dielectrically coated trenches, 4,5 freestanding nanotubes, 6 ZnO nanowires, [7] [8] [9] or multiwalled carbon nanotubes (MWCNTs) conformally coated with oxides. 10 An alternative scheme is to use ferroelectric films as the gate in field effect transistors, 11, 12 but these suffer from retention loss (diminishing stored charge) due to the need to ground the gate during read operations. The work at IMEC 13 and the Samsung-Tokyo Institute of Technology collaboration 14 has resulted in some commercial deviceworthy parts, but at present there is no model for and little understanding of the nanodomain configurations adopted in such 3D ferroelectric devices. This is of great importance as the switching speed and operating device voltages depend upon the widths and geometries of the ferroelectric nanodomains. In the present work, we show details of domain structures in nanowires and highlight the manner in which specimen geometry can determine specific local domain configurations. Developing knowledge of this kind should help in preparing the way for the implementation of ferroelectric nanowires in 3D FeRAM memory devices.
The observation that ferroic materials of all kinds have a tendency to form into domain structures is commonplace. Domains, resulting from phase transitions from high-to lowsymmetry states, form in circumstances when it is energetically favorable to minimize the macroscopic manifestation of the order parameter, or a property coupled to the order parameter, for the particular type of transition involved. In ferroelectrics specifically, because the development of spontaneous electrical polarization is coupled to physical distortion of the unit cell, domains may form either to minimize the macroscopic charge developed at free surfaces or the macroscopic strain when cooled through the Curie temperature. 15 The formation of domains, however, necessarily involves the creation of domain walls, which cost energy. There is therefore a balance to be found between the reduction in energy, which drives the formation of domains in the first place, and the increase in the energy of the system caused by domain wall formation. This tension has been well described in established models developed by Landau and Lifshitz, 16 Kittel, 17 Mitsui and Furuichi, 18 and Roytburd 19 in which expected ferroic domain periodicities have been rationalized in slabs of material of varying thickness. Generalizing and simplifying these models, the free energy component, which depends on the domain width (w) and thickness of slab or lamella (d), can be given as where U and γ are constants for a given system.
Considering behavior under equilibrium and hence
This modeled proportionality between the domain width and the square root of the specimen thickness has been remarkably successful in matching observations, not only in bulk dimensions, 18 but in submicron thick single-crystal lamellae of BaTiO 3 20 and in ultrathin PbTiO 3 films.
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While the fundamental behavior of domain formation in slabs of ferroic material in which one of the physical dimensions is limited might be relatively well understood, studies of domains in ferroelectric nanowires and nanodots (dimensionally limited in more than one direction) are much less well established. A major stumbling block has been the creation of appropriate material in the first place. In 2002, Urban et al.'s report of the creation of single-crystal perovskite nanowires, 22 using solution-phase decomposition of bimetallic alkoxide precursors, allowed some initial insights to be gained. 23, 24 Overall, characterization of these kinds of wires for BaTiO 3 has shown that they are reproducibly single crystal with one of the crystallographic axes parallel to the wire axis. This allows for the room-temperature tetragonal ferroelectric phase to possess polarization along the axis of the nanowire, and this is normally observed in the as-grown state. Local electrical poling, using scanning probe microscopy techniques, has shown that remanent polarization perpendicular to the wire axis can be induced and switched, although the stability of such perpendicular polarization is sensitive to the diameter of the nanowire and to the charge compensation conditions at the wire surface. 24 More recently lead-zirconium titanate (PZT) nanowires have been produced by electrospinning of sol-gel precursors 25 or by solution infiltration of nanoporous alumina templates. 26 Domain states appear to be less well behaved; there is a tendency for polarization to be parallel to the wire axis, but even in as-grown conditions some perpendicular polarization domains have been observed. 27 To date, ferroelectric nanowires have been produced by controlling material growth. Here, we report observations on the domain patterns seen in ferroelectric nanowires or columns made by direct patterning of bulk single-crystal BaTiO 3 , using a focused ion beam microscope (FIB). Domain configurations observed contrast with those seen in most studies to date and appear to result from the interplay of several factors: first, the geometry used results in constraint on the length of the nanocolumns, such that 90°shape-conserving domains form on cooling through the Curie temperature; second, only alternate 90°domains can align their polarization parallel to the axis of the nanowire, thus half of the domains possess polarization which is largely perpendicular to the wire axis (herein described generally as nonaxial), producing a depolarizing field and associated energy; third, in order to minimize depolarizing energy, domains with nonaxial polarization orient such that the polar direction is perpendicular to the smallest lateral dimension of the column. As a result, the local domain configuration is strongly sensitive to the local morphology of the nanowire. This insight not only allows for successful rationalization of domain patterns observed but also suggests that deliberately patterned morphological variations can be used to control the direction of the polarization component that is not parallel to the wire axis. Morphologically heterogeneous columns have been made that clearly demonstrate this principle.
The columns/wires of ferroelectric were fabricated from commercially obtained polished BaTiO 3 single crystals (5 × 5 × 1 mm 3 ), with {100} pseudocubic surfaces, using an FEI FIB200TEM. Initially, automated control software available on this FIB microscope was used to deposit a protective Pt bar and then to make a parallel-sided lamella with milled trenches on either side (Figure 1a,b) . The orientation of the lamella was cut such that it was parallel to the side walls of the single crystal, giving one of the <100> pseudocubic crystallographic directions approximately perpendicular to the lamellar surface. The sample was then tilted to allow milling into the lamellar face to leave columns of material with column axes approximately parallel and perpendicular to the two <100> pseudocubic directions contained within the lamella, illustrated by the images in Figure 1c ,d. Scanning transmission electron microscopy (STEM) using a FEI Tecnai F20 with a high-angle annular dark field detector (HAADF) allowed direct imaging of the domains present in the BaTiO 3 . The stripe contrast seen in Figure 1e was typically initially observed with domain walls appearing to be oriented at 45°t o the column axes. Such {110} pseudocubic domain wall orientation was the same as noted in previous work 28, 29 and suggested that the images were of 90°domains. Because the
columns are largely length-constrained by surrounding supporting material in the lamella (Figure 1d ), the formation of length-conserving 90°domains seems entirely reasonable. Previously, the authors had investigated the manner in which the periodicity of these 90°domains changed as a function of both the thickness of a simple BaTiO 3 lamella 20 and the width of BaTiO 3 columns. 28, 29 The data are summarized in Figure 2 . As can be seen, a relationship between the domain period and the square root of either the thickness (in the case of the lamellae) or the width (in the case of the columns) was established, consistent with descriptions of the form of eq 3. The extent to which eq 3 should continue to be relevant as the dimensions of the ferroelectric are further reduced is an interesting issue. The derivation of the relationship assumes, among other things, that (a) ferroelectric domains consist of sets of parallel rectilinear stripes and (b) the domain wall thickness is small compared to the domain width. When either of these conditions no longer applies, the modeled relationship might be expected to break down. Very recently, Junquera and Aguado-Puente 30 have shown that (a) is not true in perovskite films thinner than three unit cells (∼1.2 nm), a result that maps well to observations made on 180°domains in thin film PbTiO 3 .
The relatively extended nature of the 90°domain walls relevant in our experimental work is likely to mean that assumption (b) is also no longer pertinent below dimensions of the order of a few nanometers.
Although the form of the domain periodicity behavior in BaTiO 3 sheets and wires in Figure 2 is similar, there is a significant difference in the gradients of the plots. Examination of eq 3 shows the gradient to be γ/U, and because γ relates to the energy density of a domain wall, which is the same in both lamellae and columns, differences in the gradients of the plots in Figure 2 point only to differences in U. More specifically, the gradient differences of a factor of approximately two suggest that a domain of unit width would have a total surface-related energy four times greater in the columns than in the lamellae. The introduction of the additional surfaces associated with a column, which are not present in the lamella, is therefore relatively energetically costly. Figure 3 (left) is a schematic illustration of the kinds of domain configurations imaged in Figure 1e and analyzed as part of the domain periodicity study. The viewing direction on STEM is along the nominal x-axis in the sketch. Possible polar directions associated with individual domains are added, and it is apparent that the unshaded surface perpendicular to the y-axis must have alternate domains with polarizations pointing directly out-of-the-surface (nonaxial). A resulting depolarizing field is expected, which is minimized when the nonaxial polarization components are perpendicular to the shortest dimension in the column. Schematic diagrams (a-c) illustrating the process by which the FIB microscope was used to cut nanoscale columns into BaTiO 3 single crystals. First, a protective Pt bar was deposited by local ion-beam induced breakdown of Pt-based organic precursor gases between two alignment crosses (a). Automated software then allowed the milling of trenches on either side of a BaTiO 3 lamella (b). The sample was then reoriented to allow milling into the lamellar face to leave columns of material with schematic illustration in (c), and secondary electron image in (d). STEM imaging using a high-angle annular dark field detector reveals distinct contrast from stripe domains (e).
Figure 2.
Measured domain period as a function of the square root of either the thickness of a BaTiO 3 single-crystal slab/lamella or the width of a BaTiO 3 single-crystal column. In both cases, the relation predicted by Kittel 17 holds, but the surface energy terms implied by the gradient in the plot are distinctly higher in the columns than in the lamellae. The ratio of slopes is very nearly 2:1, but no published theories predict this; indeed, although detailed models exist for alternating stripes of 180°domains, no published theories model zigzag arrays of 90°domains. If this description of domain behavior is correct, then the direction of the nonaxial polarization could be rotated through 90°simply by constructing a column with a surface area perpendicular to the nominal x-axis smaller than that perpendicular to the y-axis, as illustrated on the right-hand side in Figure 3 . If continuing to image along the x-direction, the switch in orientation of the nonaxial polarization would be manifested by a change in contrast from distinct 45°d omain walls, to less distinct horizontal domain boundary contrast.
A new lamella was milled from the bulk BaTiO 3 crystal as before with a thickness of ∼200-250 nm, and columns of different widths were cut into the lamellar face, progressively changing from column widths considerably greater than 250 nm, to widths less than 200 nm. Figure 3 (center) illustrates the dramatic change in image contrast in the columns from those with widths of ∼300 nm (on the left-hand side of the STEM image), to those with widths of ∼200 nm, entirely consistent with a 90°rotation of the nonaxial component of polarization in the wire. Such control of the polarization direction using relatively minor alterations in relative dimensions suggested the possibility that morphological heterogeneity might allow for shape-controlled switching along the length of an individual wire/column.
Further samples were therefore investigated in which local regions of increased width (dots) were machined in some of the wires, shown in Figure 4 . In this image, the horizontal contrast indicates that the nonaxial polarization component is oriented perpendicularly to the plane of the image (as in the right-hand schematic in Figure 3 ), except where the local "dots" of increased width occur. Here, the contrast indicates that local 90°rotation of the nonaxial polarization has occurred from an out-of-plane orientation to an in-plane orientation. This indeed confirms that local variations in morphology along a single ferroelectric nanowire can be used to control local polar orientations. Incidentally, we also note that the in-plane domain patterns in the local dots follow closure morphology 17 to further minimize the depolarization energy. The ability to manipulate polarization behavior to this degree in the absence of patterned electrodes or an externally applied electric field seems rather exciting particularly in the context of recent atomistic simulation studies of vortex ferroelectric domain states, [31] [32] [33] [34] [35] and clearly further work is an imperative.
In summary, patterning of nanowires or nanocolumns from single-crystal BaTiO 3 has been performed using an FIB microscope, and the resulting domain configurations have been imaged using STEM. Observations suggest the following:
(i) that the specific geometry used in the study where the nanowires are length-constrained by surrounding material results in the formation of length-conserving 90°domains on cooling through the Curie temperature;
(ii) alternate domains possess polarization directions that are perpendicular to the axis of the nanowire;
(iii) the orientation of this nonaxial polarization component is strongly sensitive to local morphology to the extent that deliberate variations in the width of an individual nanowire can be used to control the local nonaxial polarization direction in a manner that can be readily understood in terms of minimization of the depolarizing field. . STEM image of FIB-cut single-crystal nanowires, which are dimensionally inhomogeneous. In general, the width of the wires is less than the thickness of the lamella from which they were cut, and hence the nonaxial component of polarization is oriented out of the plane of the micrograph, giving horizontal domain contrast. When the width of the wire is locally increased in the "dots" or "bulges" to be larger than the thickness of the lamella from which the wires were machined, the nonaxial component of polarization reorients to be in the plane of the micrograph, giving stripe domain contrast at ∼45°to the wire axis. Such local control of polarization through local variation in wire morphology alone presents domain control opportunities not yet fully explored.
